Abstract. The metal strip used in roll forming has often been preprocessed by (tension or roller) leveling or by skin-pass rolling, and as a consequence, may contain residual stresses. These stresses are not well observed by the tensile test, but could have a significant effect on the bending and springback behavior. With the advent of improved process design techniques for roll forming, including advanced finite element techniques, the need for precise material property data has become important. The major deformation mode of roll forming is that of bending combined with unloading and reverse bending, and hence property data derived from bend tests could be more relevant than that from tensile testing.
INTRODUCTION
Skin-pass rolling is often the final forming step in the production of cold rolled steel sheet [1] , and it is applied to either eliminate (upper and lower yield stress behavior) yield point elongation, or to improve the surface of the strip, or both [2] . The main effect of skin pass rolling is to create mobile dislocations and not to reduce the thickness of the strip. The thickness reduction in skin pass rolling is generally under 2 % [2] . It is usually performed under dry friction conditions and with rough roll surfaces, which leads to high friction between the material and the work rolls, causing severe inhomogeneous deformation [2] . Generally skin pass rolling leads to the development of in-plane residual stress profiles that have been shown to influence the initial yielding of the metal strip [3] , and can lead to the suppression of the upper yield point [4] .
Roll forming is a series of successive transverse bending operations [5] that can have high localized strains, but generally involve a series of incrementally small strains. In roll forming operations, where the overall level of strain is low and shape defects develop at extremely low plastic strains [3] , a change in yield behavior can have a significant effect on the end shape. This study investigates the effect of skin pass rolling on the residual stress profile across a section of the strip, and the subsequent material response due to pure bending of the skin passed steel strip. The commercial software package Abaqus was used to numerically model the skin passing process and the pure bend operation.
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MATERIAL
The material investigated in this study was stainless steel strip, 20 mm wide and 5 mm in thickness. The true stress-strain curve obtained from a standard uniaxial tension test, and used for the numerical analysis, is shown in Fig.1 .
SKIN PASSING
A 2-D finite element model of the skin passing process was simulated by a metal strip passing through two rotating rigid rollers (Fig. 2) using Abaqus/Explicit; three different skin pass conditions were simulated (see Table 1 ). Plane stress CPS4R elements were used to mesh the metal strip; while the two rollers, which had a diameter of mm 420 D = , were defined as "analytical rigid surfaces". were used, and the plastic material behavior was assumed to follow the isotropic von Mises yield criterion. A friction coefficient of
was used. The skin passing process was modeled in one dynamic step. The sheet was fixed at the mid surface and the rolls were rotating with an angular velocity of s / radians 617 . 7 va − = and moving sideways with a lateral velocity of s / mm 1600 vl = to pass the strip. To achieve the same final material thickness after skin passing for all conditions, the sheet thickness of the incoming sheet was varied depending on the particular skin pass level and the final roll gap was kept at 5 mm. (For Condition 3, an intermediate skin pass with a larger roll gap was included). After skin passing, the distribution of the longitudinal residual stress, x σ was determined over the sheet thickness, as shown in Fig.3 . The results of the residual stress fields and the deformed meshes were exported to the next stage, which was the simulation of pure bending.
PURE BENDING
It is proposed to conduct experiments at a later date to measure the elastic-plastic transition in bending skinpassed strip using a new bending apparatus, which was designed by the authors in a previous study [6] and is shown in Fig.4 . To facilitate the comparison between experiments and the numerical simulation, it was decided that the bend tester in the deformation process should be modeled, rather than to simply model pure bending of a section of the strip. The bend test was simulated with Abaqus/Standard. Since the deformed mesh including the residual stress field was imported from the skin pass model, the material definition as well as the element type used for the metal strip in the bending model was kept the same. The bending arms were defined as analytical rigid surfaces and the metal strip was attached using the "surface based tie constraint". The stress fields after skin passing were imported using the "predefined fields" in the initial skin passing step and overlaid onto the mesh of the un-deformed strip (in bending). The bottom bending arm was fixed at the reference point but free to rotate and a vertical displacement of 80 mm was applied at the reference point of the top bending arm. To determine the elastic-plastic transition point, the moment curvature diagram was transformed into bending stress versus bending strain. For elastic behavior of an isotropic, residual stress free strip, the outer fiber bending stress and strain of the strip can be determined as:
For purely elastic deformation, the bending stress-strain curve will be given by,
Whenever any part of the strip starts to yield, the bending stress-strain curve calculated from the moment curvature will start to deviate from the linear curve. To determine this point, the linear correlation coefficient between the calculated bending stress-strain curve and the linear model (given in Equation 2 ) was determined. The transition point is where the slope of this correlation coefficient starts to show a negative slope (see Fig. 5a and b). It should be noted that this bending yield stress is not truly the outer fiber stress when residual stresses are present and the approach just described is used only as a guide to the elastic plastic transition. 
RESULTS
The residual longitudinal stress profiles determined for all skin pass conditions are shown in Fig.6 . The 0.5% skin passed strip has relatively low residual stresses (up to ~120MPa), which are positive and located at the sheet surfaces while only minor stresses are observed in the center region of the sheet. In contrast, a skin pass to 1% leads to a residual stress profile with higher tensile stresses (up to 300MPa) at the sheet surface, but a wider area of high compressive stresses in the remaining part of the strip. The two-step skin pass condition generates only very small residual stresses; they are positive close to the sheet surfaces and negative in the remaining region of the sheet (see Condition 3 in Table 1 ).
In this paper, only the moment curvature diagrams determined by the numerical simulation are presented and shown in Fig.7 . It is clear that the skin passing process has a significant effect on the bending response of the material, both on the elastic-plastic transition and on the level of the moment at higher plastic curvature.
DISCUSSION
At higher curvatures the bending moment increased with the skin pass level, which might be due to an increased work hardening at higher thickness reductions. All skin pass conditions resulted in residual in-plane stress profiles showing positive residual surface stresses. Previous studies have revealed that low skin pass levels generally lead to compressive (negative) residual surface stress [7] , while heavily skin passed material can show positive residual surface stress [8] . The current work indicates that the residual stress profile does not only depend on the thickness reduction, but that the number of skin passing steps used can play a significant role. While a heavy skin pass to 1% thickness reduction led to high tensile residual surface stresses, the same thickness reduction performed in two steps resulted in significantly lower residual stresses, as can be seen in Fig.6 . The simulation results obtained from the bend test also indicate that high residual surface stresses after skin passing lead to the reduction of the elastic bending limit, while low residual surface stresses result in elevated elastic limit stress values (Fig.8) . Thus, the residual stress profile has a significant effect on the elastic bending limit.
It may be seen that even though the two-step skin pass resulted in a higher elastic bending limit compared to the one step skin pass, at higher curvatures both skin pass conditions led to the same bending moment (hardening) values (Fig.7) . The change of the longitudinal stress distribution during bending is also analyzed to determine the effect of the residual stress profile, for 0% skin passed (Fig.9a) and 1% skin passed material (Fig.9b) .
It becomes clear that due to the residual surface stress, the skin passed strip requires lower curvature to plastically deform. The skin passed strip yields much earlier on the tension side of the bending sample. This possibly explains the reduction of the bending yield stress observed for the 1% skin passed material compared to the un-skin passed condition. It further can be observed that in the skin passed strip the neutral axis is shifted to the compression side of the bend sample. 
CONCLUSION
This study has shown that skin pass rolling can have a significant effect on the bending behavior of the strip near to the elastic-plastic transition. Depending on the skin pass level and the number of skin passing steps used, the elastic-plastic transition point is either reduced or increased. The elastic-plastic transition increased for the 0.5% skin pass, and decreased for the 1% skin pass. However, the transition point was increased for a two pass 1% skin pass regime. Further work is needed to focus on the effect of skin passing on the material properties of strip in bending and roll forming. This might lead to skin pass process conditions that are best suited for roll forming materials.
